It is generally known that antidiabetic activity is associated with an increased level of glucose uptake in adipocytes and skeletal muscle cells. However, the role of exogenous reactive oxygen and nitrogen species (RONS) in muscle development and more importantly in glucose uptake is largely unknown. We investigate the effect of RONS generated by cold atmospheric plasma (CAP) in glucose uptake. We show that the glucose uptake is significantly enhanced in differentiated L6 skeletal muscle cells after CAP treatment. We also observe a significant increase of the intracellular Ca ++ and ROS level, without causing toxicity. One of the possible reasons for an elevated level of glucose uptake as well as intracellular ROS and Ca ++ ions is probably the increased oxidative stress leading to glucose transport.
Introduction
Approximately 75% of insulin-stimulated glucose uptake in our body is performed by skeletal muscles. Impairment of glucose uptake by skeletal muscle tissue causes a high level of sugar presence in the blood. This is because either the insulin production is inadequate or the body cells do not respond properly to the insulin, or both, [1] [2] [3] which eventually leads to a diabetic disease. Currently available drugs for treatment of diabetics are oen ineffective and there is a need for an alternative remedy that should not depend on insulin-based glucose uptake, due to insulin resistance in muscles.
There are few experimental investigations in the literature where insulin-independent glucose uptake was studied based on muscle contraction and electrical stimulation of muscles, although the underlying mechanisms in these studies are poorly understood.
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Thus, the main objective of the current study is to nd out the molecular level mechanisms of glucose uptake that regulate the glucose homeostasis. For this purpose, we employ a new method based on cold atmospheric plasma (CAP). CAP sources are known to generate a cocktail of positive and negative ions, free radicals, neutrals, etc. [7] [8] [9] [10] [11] CAPs are nowadays used in different elds, such as disinfection of both living tissue and non-living surfaces (e.g., medical tools and diagnostic devices), 12 treatment of chronic wounds 13 and even killing or apoptosis of cancer cells.
14 Recent reports suggest that CAP with lower doses stimulates macrophages to release various cytokine and tumour necrosis factor-alpha, which contribute to the selective killing of a variety of cancer cells. 15, 16 It also promotes stem cell differentiation, 17, 18 enhances cell transfection 19 and possibly increases wound healing. 20 Reactive oxygen and nitrogen species (RONS) generated by CAP selectively initiate and amplify ROS signalling to enhance osteoblast proliferation and differentiation.
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Recently we investigated that NO species generated by a microwave plasma torch increase myogenesis and signi-cantly elevate the expression of myogenic precursor genes, such as myoD, MHC, and myogenin, which indicates the formation of new muscle tissue. 21 However, the application of CAP in diabetes mellitus and skeletal muscle cell differentiation investigation are in primarily stage, although it is most likely that CAP might play a role in regulating glucose uptake and myoblast differentiation.
Hence, in order to understand the glucose uptake processes by muscle cells as well as cell differentiation, we apply biocompatible microsecond dielectric barrier discharge (ms-DBD) plasma. In this study we use a ms-DBD device, previously reported and shown in Fig. 1 .
Experimental details

12,15
It consists of two electrodes, a dielectric layer (silicon dioxide (SiO 2 )) and hydration prevention layers made of aluminium oxide (Al 2 O 3 ) and magnesium oxide (MgO). The electrodes have a thickness of 5 mm and a width of 200 mm, and they are separated by a 200 mm gap. Diameter of the plasma discharge area is about 35 mm. To generate plasma, nitrogen gas was injected into the device with a ow rate of 1 standard litre per minute (SLM). A DC-AC inverter system is used for power supply with about 30 V of primary input voltage. Due to transformer of DC-AC inverter, the frequency of AC power supply is about 30 kHz (see Fig. 1 ). Aer conuence of 70%, the L6 skeletal muscle cells are treated with ms-DBD plasma for 30, 60, 90, 120 and 180 s. A constant gap of 3 mm between the plasma source and the upper surface of the cell culture media is maintained in all experiments. The working temperature of the plasma source is in the range of [20] [21] [22] [23] [24] [25] [26] C. More detailed information about the design and operation of the ms-DBD plasma device is given in ref. 15 .
Physical and chemical change in the culture media
Aer exposure of DMEM in a 6-well plate (2 ml per well) to the ms-DBD plasma, the pH and temperature of the media are measured using a pH meter (Eutech Instruments, Singapore) and Infrared (IR) camera (Fluke Ti100 Series Thermal Imaging Cameras, UK), respectively. Simultaneously, RONS levels in DMEM media were analyzed aer treated with ms-DBD plasma for 30, 60, 90, 120 and 180 s. The amounts of OH and H 2 O 2 were measured as per previous described methods, 14 while NO, & NO 2 À was measured using the chemical kit.
Measurement of protein content
The total protein content is measured at the designated time points (i.e., on day 2, 4 and 8), aer exposing the cells (in media) to the ms-DBD. All of the cell protein extracts from the treated/ untreated cells are lysed in a radioimmunoprecipitation assay (RIPA) buffer (Cell Signaling Technology, USA) and the extracted proteins and protein concentration are measured using the protein assay kit (Biorad, USA).
Immunouorescence staining
Aer incubation for 8 days, the treated muscle cells are used to check the cell morphology. The cells on the cover glass are immunouorescence stained for a-tubulin and actin, which are visualized using a uorescence microscope (TE-2000, Nikon Corp., Tokyo, Japan). The seeded cells are xed in 4% of paraformaldehyde in phosphate buffered saline (PBS) and then permeabilized in cytoskeleton buffer (pH 6.8, 50 mM NaCl, 150 mM sucrose, 3 mM MgCl 2 , 50 mM Trizma-base, 0.5% Triton X-100). Aer permeabilization, non-specic binding sites are blocked by incubation with 5% FBS in PBS, and then sequentially incubated with FITC-conjugated a-tubulin (1 : 50). Aer-wards, the cell nuclei and actin are stained with DAPI (1 : 5000) and rhodamine-phalloidin (1 : 200).
2NBDG glucose uptake
Glucose uptake studies are carried out by using a uorescent probe of glucose (2NBDG). 22 We performed two sets of experiments in a 6-well plate. One set is used for quantication of the 2NBDG uptake. In the other set, the cells on the cover glass are used for qualitative uorescence imaging. The cells are treated with the ms-DBD for 90 s with and without the presence of 100 mM insulin and the glucose uptake is measured on day 2, 4 and 8, using 80 mM 2NBDG uorescent glucose analogue. Aer 60 min incubation at 37 C with 2NBDG, the cells are washed three times with PBS and then quantied at 485/535 (ex./em.) nm using a microplate reader. The mean uorescence intensity is calculated between the plasma-treated and control (i.e., untreated) cells. For uorescence, the image cells are visualized using a uorescence microscope (TE-2000, Nikon Corp., Tokyo, Japan).
Measurement of intracellular calcium levels
To study the cytoplasmic calcium (Ca content is quantied at 495/515 (ex./em.) nm using a microplate reader. The mean uorescence intensity is calculated between the plasma-treated and control (i.e., untreated) cells.
Statistical analysis
All data values were shown as mean AE standard deviation (SD).
Comparison of all other results was performed by one-way analysis of variance (ANOVA) with Tukey's comparison analysis. The data was considered signicantly different when *p < 0.05, **p < 0.01, ***p < 0.001. Prism (Graphpad Soware Inc.) and Excel Soware (Microso Inc.) was used to compare the groups.
Results
Changes in physical and chemical properties of culture media aer ms-DBD treatment
To determine the changes in the properties of the culture media aer exposure to plasma, we applied the ms-DBD for 0, 30, 60, 120, 180 and 300 s. Fig. 2 shows no signicant changes in pH and temperature. As is obvious, the temperature of the media was maintained at around 32 C during ms-DBD exposure, but the pH of the media slightly decreased aer 300 s. These data indicate that up to 180 s, the pH and temperature have no adverse effect on the cell viability. Further, in order to measure the concentration of extracellular RONS in the media, we applied the same different time points (i.e., 0, 30, 60, 120 and 180 s) which were used for the determination of pH and temperature in the culture media. Fig. 3 shows the concentrations of the RONS in the media treated with plasma up to 180 s. As is clear, a high amount of OH, H 2 O 2 , NO, and NO 2 À species inside the solution is observed in comparison to untreated (0 s) media. Indeed, 180 s of plasma treatment leads to a production of H 2 O 2 , NO and NO 2 À of about 90, 100 and 55 mM, respectively. However, at a lower plasma dosage (e.g., 60 s), the RONS are generated in moderate quantity, which might inuence the cell differentiation as well as the glucose uptake.
To examine this, we analysed the plasma effect on the cell The cell differentiation analysis was performed using light microscopy, whereas the measurement of the total protein content was carried out on day 2, 4 and 8 after exposure to ms-DBD. Comparison between all groups showed significant differences by one-way ANOVA (* denotes P < 0.05, ** denotes P < 0.01 and *** denotes P < 0.001).
viability, proliferation and toxicity, to determine at which exposure time the plasma triggers the elevation of cell differentiation (see next section).
ms-DBD plasma effects on cell viability and dose optimization
To nd the plasma treatment time and dose at sub-lethal level, the cell viability was studied at different plasma doses. For determination of the cell viability, we performed a MTT assay. The L6 cells showed a signicant decrease in viability aer treatment with plasma for 120 and 180 s (i.e., above 90 s) during 24 h of incubation time (see Fig. 4a ). However, in the case of only air ow (i.e., no plasma), we did not observe any inuence on the cell viability. The MTT assay data showed that the plasma has no inhibitory effect on the growth of the L6 cells up to 90 s. Thus, in the rest of our experiments we used 90 and 120 s of exposure time to check the cell proliferation. It is clear from Fig. 4b that 90 s plasma exposure to the L6 cells showed signicant proliferation on day 2, 4 and 8, whereas in the case of 120 s, the toxicity of the plasma exposure was noted in the cells (see Fig. 4b ). The light microscope images given in Fig. 4c show clear cellular differentiation in the case of 90 s plasma exposure on day 2, 4 and 8 (see dashed circles). This indicates that the plasma treatment for 90 s signi-cantly affects the cellular differentiation on every consecutive day, while plasma exposure for 120 s represents toxicity (see Fig. 4c ). The total protein content of the cells aer treatment with the ms-DBD for 90 s was greater than that of the untreated cells and the cells treated with 120 s (see Fig. 4d ). Under the exposure of 90 s, conuence of the myoblast cell layers was observed aer 2 days of culturing, which continued to increase aer 4 and 8 days. Hence, the total protein content indicates that the 90 s exposure of the cells to the ms-DBD plasma induces cell proliferation.
Inuence of the ms-DBD plasma on cellular differentiation
For a more clear observation of the myoblast differentiation aer plasma exposure, we performed immunostaining of actin and a-tubulin laments on day 8 of incubation. The average area of the individual myotube was stained with monoclonal antibodies of a-tubulin conjugated with uorescein isothiocyanate (FITC), and the actin lament was stained with rhodamine phalloidin. During the extended cell culture, the L6 myoblast showed a highly organized structure aer differentiation into myotubes (Fig. 5) , In particular, the majority of the cells cultured on day 8 of incubation showed that the differentiated myotubes were longer and wider in the case of 90 s compared to those of 0 and 120 s. To evaluate the efficacy of plasma in an enhancement of the glucose uptake in differentiated myoblasts, we treated the cells with plasma for 90 s and analysed the results on day 2, 4 and 8. Fig. 6a and b shows that the plasma treatment resulted in a signicant increase in glucose uptake compared to basal levels: the intracellular level of 2NBDG (i.e., uorescent glucose indicator) increased in differentiated myotube over an incubation time of 2, 4 and 8 days, respectively (see Fig. 6a ).
However, 100 nM of the insulin, which is used as a standard drug, also showed enhanced level of glucose uptake in comparison to control (i.e., without plasma exposure), see Fig. 6a and b. The uorescent image depicted in Fig. 6b shows that 8 days of incubation has a higher 2NBDG uptake for plasma treatment in comparison to the control and the case of insulin usage. As mentioned in the Introduction, plasma sources (including ms-DBD) generate a variety of RONS and these extracellular reactive species are able to penetrate directly or indirectly through the cell membrane, which eventually causes a change in membrane polarity and triggers oxidative stress. 25 Hence, to observe the inuence of plasma on the cell polarity change as well as on the total intracellular ROS level, we analysed the intracellular Ca ++ and intracellular ROS content on day 2, 4 and 8 in differentiated myotube. Comparison between all groups showed significant differences by one-way ANOVA (* denotes P < 0.05, ** denotes P < 0.01 and *** denotes P < 0.001).
control and the presence of calcium inhibitor BAPTA. We used the H 2 DCFDA diacetate uorescent probe to detect the total intracellular ROS level. As is clear from Fig. 6e , 90 s of plasma treatment signicantly increased the ROS level in comparison to the control and the presence of 50 mM trolox (i.e., ROS scavenger) on day 2, 4 and 8. These results indicate that the increase of calcium and intracellular ROS level might play a role in stimulation of sugar uptake in the L6 cells as well as in their differentiation.
Discussion
The main objective of this study was to examine in vitro the plasma effects on glucose uptake through the biocompatible ms-DBD plasma, aiming at healing diabetic diseases. In addition to the study of glucose uptake, we investigated the differentiation of myoblastic rat L6 skeletal muscle cells. The L6 cell line can reproduce myogenic differentiation in the presence of a growth factor in a culture medium and has been the most widely used model to investigate myogenic differentiation and physical stress stimulated glucose uptake.
26,27 Initially, we determined the specic ms-DBD plasma conditions, such as pH, temperature, extracellular RONS content and sub-lethal dose of plasma that is required to maintain the cell viability in response to a certain treatment time of plasma. It was found that 90 s exposure of ms-DBD plasma increases the cell proliferation, differentiation as well as total protein content (see Fig. 4) . Additionally, the ms-DBD treatment also leads to an increase of the intracellular ROS and Ca ++ content, as shown in Fig. 6 .
Previous papers showed that an increase of intracellular ROS content can activate the ion ux through the cell membrane, which inuences the intracellular Ca ++ concentration. 28 An increase of Ca ++ concentration activates the signal transduction pathway that helps to increase the glucose uptake. 29, 30 Furthermore, other research studies also revealed that oxidative stress caused by various factors, such as physical effects, electrical stimulation, etc., help to increase the glucose uptake through an oxidative pathway. [4] [5] [6] 31, 32 Hence, an increase of the level of intracellular reactive species as well as Ca ++ ions helps to increase the glucose uptake by skeletal muscle cells. This is in line with our experimental results that an increase of intracellular ROS and Ca ++ concentration, aer plasma treatment, results in an increase of the glucose uptake. Thus, our experimental results might follow the above mentioned mechanism for glucose uptake. Note that there might be other pathways that also help to increase the glucose uptake aer plasma treatment. Therefore, further study is required to explain the exact mechanism of glucose uptake induced by plasma treatment.
Conclusion
Our ndings are highly important, since this investigation provides the rst evidence of the antidiabetic potential of CAP, as it signicantly stimulates glucose uptake and cellular differentiation in L6 skeletal muscle cells. Thus, CAP sources could further be developed for potential usage in antidiabetic therapy. This study is not solely important for diabetes, but might also be essential in cancer treatment, as recent investigations indicate that diabetic patients have 20-25% more risk of developing cancer compared to individuals without diabetes.
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